Using femtosecond three-pulse two-colour photon echo measurements we study the optical nonlinearity induced by pump and probe in the short time scale (<500 fs) where the free induction decay and photon echo are the main contribution to observed signal and in a long time scale (up to 20 ps) in the trace of the population grating. The variation of the pump and probe wavelength and use of spectrally resolved measurements allows us to study the origin of the yellow band and the phase and energy relaxation properties of this band. The results suggest that the light emission in the yellow band is the recombination between shallow donors and deep acceptors and the carriers trapping time is very short.
INTRODUCTION
Gallium nitride shows great promise as a material for the manufacture of blue emitting diodes and diodes lasers. Since InN, GaN, and AIN have direct band gaps of 1.9,3.4, and 6.1 eV, respectively, GaN can be alloyed with In or AI to fabricate optoelectronic devices operating over an extremely large range of wavelengths. While numerous of experiments have been performed to study optical and physical properties of this material over a wide range of temperatures and time scales the influence of deep defects levels on nitride device is still not well explained. These defects levels give rise to radiative and nonradiative effects, the most of which is related to emission of a broad luminescence hand near 2.3 eV, the so-called "yellow band. This band, which is observed independently of the growth process, is generally attributed to structural defects [1,2]. Two recombination models are discussed for the yellow emission in GaN. The model A, which is favoured by the investigation of Origo [3] , is a shallow donor to deep acceptor recombination. In the model B [4] the yellow emission is attributed to a recombination hetween a deep double donor and a shallow acceptor. Because of the presence of strong localised deep traps, the system can be described as a single 3-level system in which model A can be considered as a V-shape and model B as a A-shape
In this paper we investigate the nonlinear properties of GaN using two and three pulse photon echo measurement with wavelengths in the spectral region of the yellow band (510-580 nm). The variation of pump and probe wavelength and the spectrally resolved measurement allows us to study the optical nonlinearity of this band in the time scale of less than 1 ps. The trapping and energy relaxation time have been discussed in the trace of population grating.
EXPERIMENTS
We have carried out the nonlinear spectroscopy experiment using three ultrashort pulses (pulse duration -100 fs) with wavelength in yellow band region (510-580 nm) and pulse energy of 1-ION. Two pump pulses have a the same wavelength and wave vectors kl and kr, and a probe pulse has a wave vector k3 and a wavelength which can be shorter or longer than pump pulse. The first pulse excites the GaN layer to create electrons and holes in the band or traps. After time tI2 the second pulse interacts with the freely evolving system, resulting in a phase and population distribution of electrons and holes that depends on the position of the carriers in the energy levels. This phase and population distribution in frequency space gives rise to a frequency-modulated transmission spectrum of the sample. The alternation of this modulation is dependent on the time separation (tI2) of pulses kl and k2, which is called the coherence time. The third pulse interacts with this modulation resulting in a nonlinear signal in the phase matched direction k, = k., + kr -k,. In the two pulse experiment the third pulse is absent and the signal is measured in the phase matching k.=Z kl -kr and h=2 kp -kl.
The sample under investigation is a 2 pm undoped i)The two pulse experiment: The coherent interaction of the two pulses generates a third order nonlinear polarisation giving the rise to the photon echo signal. The spectra of the echo signal in the phase-matching direction IC., were recorded at a fixed delay time between two pulses. Figure IC displays the time and spectrally integrated photon echo signal in two direction k, and h measured at 510 nm inside the yellow hand verus the delay time of two pulses. The decay time of these spectrally integrated signal yields the dephasing time T2 of the level and its homogeneous broadening Tham= WnT2 [5] . The shift (-30 fs) of maximum echo intensity in the two direction IC. and 16 (the echo peak shift) and a short dephasing time (IOOfs) can he deduced from this measurements. Similar results
were obtained for other wavelengths in the spectral range 500-580 nm. Strong electron-phonon coupling has been previously predicted in GaN [I] which can be expected to reduce the electronic dephasing time [6] of the yellow hand at room temperature. The peak shift accompanying the inhomogeneous broadening of this hand suggests that the hand can not he related to recombination between deep traps. The inhomogeneous broadening is reflected in the change of spectrum shape in the 3D contour plot (shown fig l a and lb) where the short wavelength part decays faster than the long part.
ii) The threepulse experiment: The three pulse experiments provide a additional independent time delay tn, between pulse kz and k,, the population time, and also give the possibility to change the probe wavelength. In the k, direction with a 6-laser pulse (the pulse duration is much shorter than the dephasing time) and for the population time t2p0, when the pulse sequence was k2, k,, k, (tn<O) the observed signal is generated by perturhed 6ee induction decay (PFID) [7] , and with pulse sequence kl, kz, k, (t12>o) the signal is the stimulated photon echo [8]. It is important to realise that the PFID signal is a consequence of dephasing and essentially reflects the spectral properties of the sample in the ground and in excited state. It does not reflect any temporal evolution of the sample related to an energy relaxation processes [7].
To reduce the influence of spectrum of prohe pulse on the observed spectra by change of prohe wavelength we define a new parameter called the nominated wavelength & where h, = (h -/ A h m , L is the . maximum wavelength of probe pulse and AXF-is its full width of half maximum. We plot the intensities of signal against this parameter and the population time. The null delay is defined as time overlapping of maximum of all pulses (with a error about 5 fs).
In the case of three pulses with same wavelength (at 55Onm) a difference in spectrum shape vems population time has been observed for the different coherence times (tlz = -40 fs, 0 fs and +40 fs) as shown in fig.  2a-2c . At the early population time the intensity and spectral width increases monotonously with a slight shift to short wavelength. For tlz= 4 0 fs, the spectrally integrated signal reaches a maximum at --50 fs close to the time overlapping of the first pump pulse and the probe pulse (fig 2d) . For t12 = 0 fs and 140 fs the rise time (the time for signal reaches its maximum) is longer (fig 2d) and the broadening of the spectrum is observed especially at time close to null. A spectral shift !%om short wavelength to centre of probe wavelength in a time of -100 fs is observed for all coherence time. In the very early time (tI2--100 fs) the signal spectrum can he a result of PFID processes which are independent of relaxations. In the later time (t23 > 0 fs) the spectrum involves the photon echo and relates to energy and phase relaxation of the excited ensemble. After +200fs the dimaction of prohe pulse on the population grating induced by the two pump pulses is the main contribution to observed signal. The spec!" of diffi;icted signal is then similar to the probe pulse. For the difference of the prohe and pump wavelength, AX = + 5 nm is smaller than the FWHM of laser pulses and the wavelengths of the two laser pulses overlap in part (laser pulse at 550 and 545nm with FWHM ahout 7 nm). In the frequency space, the coherence ensemble is generated by the pump spectrum and then, broadened and shifted to lower energy w i t h increase in the population time signals. The interaction of this ensemble with the probe pulse produces the third order polarisation which generates the nonlinear signal. The time development of the spectrum reflects the dynamics of the coherence ensemble. Broadening and shifting of the spectrum of the signal have been observed for the case of A b 0 (the photon energy of prohe pulse is smaller than that of the pump pulse). Only a broadening of spectrum has been observed if prohe wavelength was shorter than pump ( fig. 3 ). The time for the spectrum shift fiom excitation wavelength to prohe wavelength with M= +5 nm can be used to deduce the life time of coherence ensemble and is found to he 150 fs in our case. The observation that coherence transfer is prescribed in this sample only for the case M >O suggests that the energy structure of the investigated band have a V shape stmcture according to model A [1, 4] . The high density and coupling of donor states can lead to the coherence transfer between the donor levels that cause the shifting and broadening of nonlinear signals [8] .
iii) The population grating: In the case of population grating experiments (t,,=O) the difiaction signals were measured with a spectral window of about 2 nm by excitation at 540 nm for three different detection wavelengths (555 nm 570nm, 585 nm) as shown in Fig.4 . A small coherence spike is observed near zero time for all wavelengths and its origin is discussed above. The time for the intensity to reach a maximum is very short (-500 fs) for all detected wavelengths. The decay time is very long (>ins) with a small contribution of a short delay (-3Ops). The difiction signal -traces contain some heat frequencies originating from the interference between different optical transitions which were coherent excited by the broad band emission of the short laser pulse. The heating was present for the duration of the population time [5, 6] . The number of frequencies was dependent on the different transitions. The relevant difhsion constant of GaN are De = 1.4cnf2s for electrons and Dh = 0.12 cm.'s for hole [l] which is relatively small in comparison with other semiconductors and leads to a diffusion time of 1-10 ns in OUT experiments.
Therefore the short decay (-3Ops) may relate to the nonradiative recombination.
The short rise time of the difiaction signal suggests that the intrahand relaxation and trapping of twophoton excited carriers is very short (4OOfs) or the carriers were generated by one photon absorption directly. Because the two-photon absorption is large in GaN (a2 =I75 cm GW-' [9]) we can consider that the trapping time is much shorter than the observation by Haag [I] who has reported trapping time 25 ps using ps excitation pulses.
In conclusion, we have investigated the yellow band of GaN using spectrally resolved three pulse photo echoes and shown that spectral resolved measurement provide more detailed information ahout the relaxation processes. The transfer of coherence from high to lower energy level indicates the V shape of energy structure and the strong coupling of donor levels. The experiment results suggest that the yellow hand originates 60m shallow donors and deep acceptors transition.
